Left-lateral motion along the Ailao Shan±Red River (ASRR) Shear Zone has been widely advocated to be the result of the collision between the Indian and Eurasian plates and to account for sea-¯oor spreading in the South China Sea. Our new 40 Ar/ 39 Ar data on the south-easternmost outcrop of the Day Nui Con Voi metamorphic massif, northern Vietnam, suggest that the exhumation of metamorphic massif by shearing along the ASRR zone began H27 Ma and lasted until H22 Ma. A perfect correlation between location and cooling path for the samples along the shear zone suggests that the transtensional deformation may have propagated northwestward at a rate of H6 cm y
Introduction
Strike-slip motion along the Ailao Shan±Red River (ASRR) Shear Zone has been widely regarded as compensating the convergence between India and Eurasia ( Fig. 1(a) ). On the basis of laboratory models and geological evidence, Tapponnier et al. (1982 Tapponnier et al. ( , 1986 and Peltzer and Tapponnier (1988) proposed a collision± extrusion model to explain the tectonic consequences of the India±Eurasia collision during the Tertiary. In this model, the eastward extrusion of Indochina along the ASRR Shear Zone not only takes up a substantial amount of the convergence between India and Eurasia, but is also responsible for the opening of the South China Sea. This interpretation seemed to have been supported by comparison of the oset along the shear zone with the history of sea¯oor spreading in the South China Sea with regard to distance and rate. For instance, Briais et al. (1993) and Leloup et al. (1995) indicated that the oset derived from the ®t of magnetic isochrons on the South China Sea¯oor was compatible with the sinistral displacement estimated by detailed correlation of geological makers along the ASRR Shear Zone. The propagation rate of left-lateral shearing along the ASRR zone, estimated from thermochronological data, was in good agreement with the estimated spreading rate of the South China Sea as well (Harrison et al., 1996) .
Based on the good correlation of two magmatic
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suites on either side of the ASRR Shear Zone in SW China and northern Vietnam, Chung et al. (1997) suggested the existence of a 600 km left-lateral displacement, younger than 30 Ma, along the ASRR Shear Zone. This observation has been con®rmed further by thermochronological results, that indicate a rapid change of cooling rates during the late Oligocene± Early Miocene (27±17 Ma) for the shear zone in southern Yunnan and northern Vietnam (Harrison et al., 1996; Wang et al., 1998) . This would imply that the initiation of movement along the ASRR Shear Zone actually postdated the initiation of sea¯oor spreading of the South China Sea which started from magnetic anomaly 11 (Taylor and Hayes, 1983; Briais et al., 1993) , corresponding to 30 Ma, according to the new geomagnetic polarity timescale of Cande and Kent (1995) . Moreover, previous seismic studies at the termination of the Red River Fault also demonstrated that the opening of the South China Sea was not linked to the Red River Fault but was controlled by right-lateral shearing along the eastern coast of Vietnam (Rangin et al., 1995; Roques et al., 1997) . In this case, extrusion tectonics may not be responsible for the opening of the South China Sea, and the mechanisms responsible for the opening of the South China Sea and the development of the ASRR Shear Zone would still remain to be ascertained. In order to further tackle this problem, the age of the onset of the activity along the ASRR Shear Zone needs to be addressed in greater detail. Systematic thermochronological analyses of the metamorphic massifs within the ASRR Shear Zone indicate that the exhumation and/or deformation front was propagating from the southeast to the northwest at a rate of 4 to 5 centimeters per year (Harrison et al., 1996; Wang et al., 1998) . Accordingly, the earliest record of left-lateral motion along the shear zone should be observed at the southernmost part of the Day Nui Con Voi metamorphic massif in northeastern Vietnam. This paper presents the results of a 40 Ar± 39 Ar thermochronological study for the southernmost outcrop of the Day Nui Con Voi metamorphic massif, located in the south of Nam Dinh, northeastern Vietnam. It is hoped that the results provide better constraints for the onset timing of the left-lateral movement along the ASRR Shear Zone.
Geological setting
The ASRR Shear Zone extends over 1000 km between eastern Tibet and the Tonkin Gulf, and comprises four narrow metamorphic massifs. From NW to SE, these are the Xuelong Shan, the Diancang Shan, the Ailao Shan (in Yunnan) and the Day Nui Con Voi (in Vietnam) ( Fig. 1(b) ). These massifs consist mainly of high-grade mylonitic gneisses with amphibolite enclaves, leucogranite, and pegmatite veins. Most of them exhibit well-de®ned foliation, striking nearly parallel to the trend of the shear zone, with clear markers indicating a left-lateral sense of shearing for ductile deformation along the shear zone, except those in some leucogranite and pegmatite veins (e.g. Leloup et al., 1995) .
The Day Nui Con Voi metamorphic massif in northern Vietnam is the southernmost range of the ASRR Shear Zone. It is bounded by NW-trending normal faults and lies adjacent to Neogene±Quaternary basins. Toward the southeast the massif is progressively submerged and covered by Quaternary sediments of the Red River Delta (Fig. 1(c) ) (Geological Survey of Vietnam, 1988) . Geothermobarometric studies suggest the peak metamorphic conditions to have been 6902308C and 0.65 2 0.15 GPa. Subsequent mylonitization occurred at 4808C and 0.3 GPa (Nam et al., 1998) . Previous 40 Ar/ 39 Ar thermochronological results indicate that this massif was exhumed and cooled slowly before 25 Ma, followed by fast cooling and exhumation at around 25±21 Ma .
Samples and analytical methods
Samples for the present geochronological study were collected from an outcrop in the Red River Delta, south of Nam Dinh, northern Vietnam, which is apparently the southeasternmost outcrop of the Day Nui Con Voi metamorphic massif ( Fig. 1(c) ). The samples include a deformed pegmatitic vein (RR58A), a mylonitic gneiss (RR58B) and migmatites (RR58C and D). In thin section, all samples exhibit a similar mineral assemblage including quartz, K-feldspar, plagioclase, biotite, muscovite, garnet, sillimanite and oxides in variable abundance. 40 Ar/ 39 Ar step-heating experiments were performed on muscovite, biotite, and K-feldspar extracted from the samples. Mineral separates were obtained by standard procedures with magnetic separation, paper shaking, followed by hand-picking, in order to remove all visible impurities. 250±425 or 425±850 mm size fractions were selected for argon isotopic analyses, depending on the natural grain-size of minerals. Mineral separates, along with neutron¯ux monitor LP-6 biotite (Odin et al., 1982) , were irradiated in the VT-C position of the Tsing-Hua Open-Pool Reactor (THOR) at the Tsing-Hua University for 8 h with a fast neutron¯ux of 1.566 Â 10 13 n (cm 2 s) À1 . After irradiation, the samples were degassed with a 30 min heating schedule. The isotopic composition was measured using a Varian-MAT GD150 mass spectrometer at the National Taiwan University. Analytical procedures and data processing are described in detail by Lo and Lee (1994) . After corrections for mass discrimination, system blanks, isotope interference and radiometric decays, the data were plotted as age spectra and 36 Ar isotope correlation diagrams were plotted to examine the possible components of the gas reservoirs in the minerals. A summary of the 40 Ar/ 39 Ar dating results is given in Table 1 . For accurately estimating the closure temperatures, the chemical composition of the biotites were determined by electron probe microanalysis using a JEOL superprobe 8900 at the Institute of Earth Sciences, Academia Sinica. The operating condition was 15 kV acceleration potential and 10 mA bean current.
Results
Muscovite from migmatite RR58C yields a¯at age spectrum with a well-de®ned plateau over 90% of cumulative 39 Ar K released, exhibiting a plateau date of 26.320.1 Ma (Fig 2(a) ). Biotites from RR58B mylonitic gneiss and RR58C migmatite also display fairly¯at age spectra with well-de®ned plateaus over most of the 39 Ar K released (>80%), with plateau dates of 26.0 2 0.1 Ma and 25.7 2 0.1 Ma respectively (Figs. 2(c), 2(e)). Intercept dates obtained from least-square regression of data for plateau steps of micas are all highly con®dent and perfectly consistent with their respective plateau dates (Table 1) . 40 Ar/ 36 Ar intercept values generally agree with the atmospheric composition ( 40 Ar/ 36 Ar=295.5) (Figs. 2(b), 2(d)), except for biotite in sample RR58C (Fig. 2(f) ). The argon isotope composition of RR58C biotite is so radiogenic that it appears to be dicult to obtain a meaningful regression for the data.
All K-feldspars from the present samples display similar shaped age spectra with an abnormally old date in the ®rst several percent of gas released, followed by relatively young but consistent dates over ā at segment of age spectrum for about 30% of gas released. Then the apparent age increases to another at segment over the last 60% of gas released (Figs. 3(a), 3(c), 3(e)). In isotope correlation diagrams, the data form two linear arrays for each K-feldspar, comprising the data for the low-and high-temperature steps respectively (Figs. 3(b), 3(d), 3(f) ). These two arrays would suggest the presence of at least three gas reservoirs in these samples. Regression of the data from high temperature steps of RR58A K-feldspar yields a higher 40 Ar/ 36 Ar intercept value (424 2 11) than atmospheric composition (295.5) and a younger intercept date (27.720.5 Ma) with respect to its apparent age. Regression for the low temperature steps gives a reasonable 40 Ar/ 36 Ar intercept value (346 2 19) with an intercept date of 25.0 2 0.6 Ma, which is indistinguishable from the respective apparent ages (Figs. 3(a), 3(b) ). This phenomenon has not been found in RR58C K-feldspar, in which both the 40 Ar/ 36 Ar intercept value and the intercept date are roughly consistent with normal atmospheric composition and their respective values in this K-feldspar (Figs. 3(c), 3(d) ). In contrast, least-square regression of the data from hightemperature steps of RR58D K-feldspar yields an abnormal high 40 Ar/ 36 Ar intercept value (545 2 25) with an intercept date of 25.0 2 0.5 Ma. The age is generally consistent with the intercept date (24.4 2 0.2 Ma) and integrated apparent age (24.9 2 0.1 Ma) for low temperature steps in RR58D K-feldspar (Figs. 3(e), 3(f)). The unusually high 40 Ar/ 36 Ar intercept values would suggest the existence of excess argon in these K-feldspars. 
Thermochronology of the metamorphic massif
The estimated temperature conditions of peak metamorphism in the Day Nui Con Voi massif (H6908C) (Nam et al., 1998) appear to be higher than the generally accepted argon closure temperatures for the minerals analysed in the present study (<5508C, as summarized in McDougall and Harrison, 1988) . This suggests that the 40 Ar/ 39 Ar dates obtained for minerals in the Day Nui Con Voi massif would represent the time when the rocks cooled through the argon closure temperatures of the minerals during exhumation. In this case, 40 Ar/ 39 Ar dates, combined with their respective closure temperatures, which can be estimated quantitatively by applying the closure temperature theory of Dodson (1973) , would allow to compute the cooling paths for the samples. One of the ways to derive a cooling curve is to date a series of minerals having variable closure temperatures and then to ®t a cooling curve through these time-temperature points (McDougall and Harrison, 1988 ). An alternative way is to ®t a cooling curve, using the multiple domain diusion (MDD) model for the K-feldspar 40 Ar/ 39 Ar age spectrum (Lovera et al., 1991) .
According to Dodson (1973) , the closure temperature (T c ) is a function of diusion size (a ); activation energy (E ); diusion geometry factor (A ); pre-exponential factor of diusivity (D 0 ) for the argon diusion; and cooling rate (dT/dt ). It can be formulated as:
Accordingly, the closure temperatures for micas in the present study were calculated utilizing the available hydrothermal experimental data on activation energy (E ) and pre-exponential factor of argon diusion (D 0 ) as given in Table 2 . Because argon diusion in muscovite and biotite appear to follow the cylindrical geometry, A = 27 was chosen for the calculations (McDougall and Harrison, 1988) . As a ®rst approximation, the mean values of half of the grain sizes were considered as the size of argon diusion (a ) for minerals. With suitable diusion parameters, the closure temperatures were calculated for the micas analysed in the present study.
Modelling of the RR58C and RR58D K-feldspar age spectra, assuming a discrete distribution of domain size for argon diusion, are shown in Figs. 4 and 5. The results provide excellent ®ts of the Arrhenius versus log(r/r 0 ) plots based on eight domains with activation energy of 21.8 kcal mole À1 for RR58C Kfeldspar (Figs. 4(b), 4(c) ) and four domains with activation energy of 31.8 kcal mole À1 for RR58D K-feldspar (Figs. 5(b), 5(c) ). Accordingly, theoretical age spectra were calculated to best ®t the age spectra obtained from the experiments, which have been corrected for the possible eects of the excess argon component, derived from their isotope correlation diagrams (Figs. 4(a), 5(a) ). The result shows that RR58C K-feldspar cooled very fast at a rate of 170 to 1808C my À1 by 29 Ma. Then the sample seems to be remained isothermally at around 1808C until 25 Ma and cooled rapidly again during a later stage (Fig.  4(d) ). Because of the unreliable regression for highertemperature steps of RR58C K-feldspar (MSWD > 2.5) (Fig. 3(d) ), the cooling path above 2008C may not be as reliable as those indicated by low-temperature steps. In contrast, RR58D K-feldspar behaviour is totally dierent from RR58C K-feldspar in its cooling path, in that it simply cooled quickly at a rate of 1408C my À1 from 27.5 to 24.7 Ma (Fig. 5(d) ). All thermochronological data are summarized in Fig. 6 . Excluding the less reliable estimate of the cooling path for RR58C K-feldspar, the general cooling path of the metamorphic rocks in this outcrop can be summarized as starting fast cooling at around 27 to 25 Ma at a rate greater than 1008C my À1 . This cooling path is very similar to those obtained by previous studies for samples from areas further northwest of the Day Nui Con Voi metamorphic massif (Nam et al., 1998; Wang et al., 1998) , except that the age of the initiation of fast cooling appears to be slightly older (Fig. 7) . Nevertheless, the good correlation of the age of fast cooling, the sample location, and the northwesterly progression of the age for fast cooling remain the Harrison et al. (1985) a Fe=Fe/(Fe+Mg): Since the argon diusivity of biotite is controlled by its chemical composition, the diusion data are calculated with using a regression of diusion data for the biotites published in Giletti (1974) and Harrison et al. (1985) . same as those found by previous studies (Harrison et al., 1996; Wang et al., 1998) .
Discussion and conclusions
As mentioned earlier, understanding of the time sequence of tectonic events is of signi®cance in revealing the mechanism of extrusion tectonics and the opening of marginal seas in SE Asia. If the left-lateral shear movement along the ASRR shear zone predated or occurred simultaneously to the opening of the South China Sea, the collision between the Eurasian and Indian plates possibly may have been responsible for shearing along the ASRR shear zone and the opening of the South China Sea, as suggested by the collision/extrusion model proposed by Tapponnier et al. (1982 Tapponnier et al. ( , 1986 . In contrast, if the onset of the shear movement postdates the opening of the South China Sea, extrusion tectonics may not be the cause for the opening of the South China Sea, and the collision/ Fig. 4(a) . extrusion model may need further evaluation, as suggested by Chung et al. (1997) and Wang et al. (1998) .
It is generally accepted that shearing along the ASRR Shear Zone has not only resulted in fast cooling of the metamorphic massifs, but also induced anatexis of metamorphic rocks, resulting in the generation of leucogranites in the shear zone due to the high temperature associated with the shearing in the metamorphic massifs Leloup et al., 1995) . Thus, chronological data for the igneous and metamorphic rocks in the ASRR Shear Zone would potentially provide most useful constraints for revealing the timing of the movement along the shear zone.
Based on a U±Pb date (35.0 2 0.1 Ma) for an alkaline intrusion close to, but outside the ASRR Shear Zone in SW Yunnan, SchaÈ rer et al. (1994) suggested that the sinistral movement along the ASRR Shear Zone might have started as early as 35 Ma. However, after systematically studying the Paleogene alkaline rocks cropping out in wide areas in eastern Tibet, SW China, and NW Vietnam, Chung et al. (1998 Chung et al. ( , 1999 argued that these alkaline rocks actually have been generated by partial melting of thickened lithosphere mantle after the collision of India±Asian continents. Ar value. After correcting the possible eect of excess argon, the ages of these steps are recalculated and plotted as hatched rectangles in the age spectra.
Their chemical characters preclude formation by partial melting of crustal rocks as a result of shear heating of the ASRR Shear Zone. Forty sets of high-quality 40 Ar/ 39 Ar and K±Ar dates for these Paleogene alkaline rocks suggested that the high-alkali magmatism occurred during the period of 40±30 Ma (Chung et al., , 1999 . On the basis of a good correlation of the Paleogene alkaline magmatic suites across the ASRR Shear Zone in SW China and northern Vietnam, Chung et al. (1997) further suggested that the left-lateral oset along the ASRR Shear Zone was younger than H30 Ma. In other words, the wide occurrence of Paleogene alkaline magmatic activity does not favour the assumption of contemporaneous large amounts of strike-slip movement along the ASRR Shear Zone and the movement of the ASRR Shear Zone may not have started before H30 Ma (Chung et al., 1997 (Chung et al., , 1999 . Hence, chronological data for the Paleogene alkaline rocks in this region ranging from 35 to 22 Ma (SchaÈ rer et al., , 1994 Tapponnier et al., 1990; Zhang and SchaÈ rer, 1999) may not be useful in precisely delineating the movement of the ASRR Shear Zone.
Alternatively, the movement of the ASRR Shear Zone may also potentially be constrained by thermochronological data for the metamorphic rocks in the shear zone, as the movement of major faults can potentially induce exhumation of metamorphic massifs and rapid cooling (Harrison et al., 1996; Wang et al., 1998) . In the past few years, the metamorphic massifs in the ASRR Shear Zone have been studied intensively by the 40 Ar/ 39 Ar thermochronological method (Leloup et al., 1993; Harrison et al., 1992 Harrison et al., , 1996 Wang et al., 1998) . The results at hand show that the metamorphic rocks in the ASRR Shear Zone have experienced rapid cooling in the period of 27±17 Ma. They also indicate that the metamorphic massifs were exhumed diachronously from southeast to northwest along the shear zone, due to the northwestward propagation of transtensional deformation, at a rate in the range of 4±5 cm y À1 (Harrison et al., 1996; Wang et al., 1998) . Therefore, chronological data from the southeasternmost part of the metamorphic massif, cropping out in the Nam Dinh area, NE Vietnam, would be one of the most helpful constraints for revealing the onset timing of the left-lateral movement of the ASRR Shear Zone.
As discussed in previous sections, the rocks from the Nam Dinh area started rapid cooling at H27 Ma (Fig.  6 ) which appears to be slightly older than the age obtained by Wang et al. (1998) from the northwest part of the Day Nui Con Voi metamorphic massif in NW Vietnam. It is not too surprising to see such an older age record, because previous studies (Harrison et al., 1996; Wang et al., 1998) suggested that the exhumation of the metamorphic massifs appears to be diachronous, starting in the southeast and propagating northwest. However, the age of H27 Ma may still not be considered as the best estimate for the onset of movement along the ASRR Shear Zone, because this sampling locality is still some distance from the boundary fault which is located close to the shoreline of east Vietnam. In order to estimate the onset timing of the left-lateral movement of the ASRR Shear Zone, a plot of the rapid cooling ages versus distances of the out- Fig. 7 . Compilation of cooling paths for the metamorphic rocks in the Day Nui Con Voi metamorphic massif. Data sources: Nam et al. (1998) , Wang et al. (1998) , and the present study. crops of metamorphic rocks away from the boundary fault along the shoreline of Indochina is presented in Fig. 8 . If the left-lateral movement of the ASRR Shear Zone is truly propagating from southeast to northwest, the intercept of the linear younging trend of the rapid cooling ages would be the best estimate for the onset timing of the left-lateral shearing along the ASRR Shear Zone. From Fig. 8 it is evident that the Day Nui Con Voi metamorphic massif was exhumed diachronously from southeast to northwest at a rate of about 6 cm y À1 . The onset of shear movement along the ASRR Shear Zone at its southeastern end may have occurred at about 27.5 Ma. Such a conclusion is in perfect agreement with the results of previous thermochronological studies, showing that all metamorphic rocks in the ASRR Shear Zone were rapidly exhumed after 27.5 Ma (Leloup et al., 1993; Harrison et al., 1996; Wang et al., 1998; Nam et al., 1998) .
The present results suggest that the movement along the ASRR Shear Zone started at around 27.5 Ma. A large-scale displacement along the ASRR Shear Zone before 29.1 Ma is not possible, because of a good correlation of Paleogene alkaline magmatic suites across the shear zone in SW China and NW Vietnam, with a youngest age of 29.1 2 0.8 Ma (Chung et al., 1997) . Therefore, it may be concluded that the left-lateral movements along the ASRR Shear Zone started at around 27.5 Ma. This implies that the initiation of the ASRR Shear Zone postdates the opening of the South China Sea, starting at around 30 Ma as inferred from the magnetic records in the South China Sea (Taylor and Hayes, 1983; Briais et al., 1993) , calibrated with the newly published geomagnetic polarity timescale (Cande and Kent, 1995) . Such a time sequence is totally dierent from that expected from the collision± extrusion model, as widely advocated by many previous authors (Tapponnier et al., 1982 (Tapponnier et al., , 1986 Peltzer and Tapponnier, 1988; Briais et al., 1993; Leloup et al., 1995) . This would imply that shearing along the ASRR Shear Zone is not directly responsible for the opening of the South China Sea, hence the opening of the South China Sea should have been driven by other mechanisms.
Interestingly enough, a similar conclusion was reached by previous geophysical studies of the oshore area of Vietnam (Rangin et al., 1995; Roques et al., 1997) . Rangin et al. (1995) studied seismic pro®les of the Tonkin Gulf, and found that the left-lateral oset of the Red River Fault may not have exceeded a few tens of kilometers in the oshore area of Vietnam. This observation is totally dierent from the largescale displacement of the ASRR Shear Zone inferred from the onshore data (see Leloup et al., 1995; Chung et al., 1997 for summary and discussion). They suspected that the fault system may have been partitioned into various fault systems or ceased in the oshore area (Rangin et al., 1995) . Seismic and gravity data presented by Roques et al. (1997) show a dextral motion along the boundary fault, with an ambiguous relationship to the sinistral motion along the ASRR Shear Zone in the oshore area of Vietnam. All these oshore geophysical data seem to question models proposing a genetic linkage between the opening of the South China Sea and the left-lateral movement along the ASRR Shear Zone (Rangin et al., 1995; Roques et al., 1997) . It thus appears that the geophysical data provide independent evidence supporting our conclusion that the left-lateral movement along the ASRR Shear Zone is not responsible for the opening of the South China sea. Fig. 8 . Plot of the ages of rapid cooling versus sample location for samples in the Day Nui Con Voi massif. The age data were extracted from the cooling paths considering cooling below 3508C, shown in Fig. 7 . The good correlation indicates the northwestward propagation of exhumation in response to the left-lateral shear movement along the ASRR zone. The intercept on the y-axis suggests the onset age of the left-lateral shearing of the ASRR zone to be about 27.5 Ma.
